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USP4, 11 and 15 are three closely related paralogues of the ubiquitin speciﬁc protease (USP) family of
deubiquitinating enzymes. The DUSP domain and the UBL domain in these proteins are juxtaposed
which may provide a functional unit conferring speciﬁcity. We determined the structures of the
USP15 DUSP-UBL double domain unit in monomeric and dimeric states. We then conducted com-
parative analysis of the structural and physical properties of all three DUSP-UBL units. We identiﬁed
structural features that dictate different dispositions between constituent domains, which in turn
may inﬂuence respective binding properties.
Structured summary of protein interactions:
USP15 and USP15 bind by molecular sieving (View Interaction: 1, 2)
USP15 and USP15 physically interact by molecular sieving (View interaction)
USP4 and USP4 bind by molecular sieving (View Interaction: 1, 2)
USP15 and USP15 bind by X ray scattering (View interaction)
USP11 and USP11 bind by molecular sieving (View interaction)
USP4 and USP4 bind by nuclear magnetic resonance (View interaction)
USP15 and USP15 bind by X-ray crystallography (View interaction)
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The post-translational modiﬁcation of proteins by ubiquitin,
catalysed by E3 ligases, is critical for many aspects of cellular func-
tion and may affect the function of targeted proteins through alter-
ations in stability, localisation or activity [1]. Ubiquitination is
reversible since the isopeptide bonds within ubiquitin chains or
between ubiquitin and its conjugated substrate can be hydrolysed
by deubiquitinating enzymes (DUBs). The human genome encodes
approximately 90 DUBs [2–4] from ﬁve families. The largest of
these contains the ubiquitin-speciﬁc proteases (USP), cysteine pro-
teases containing a conserved catalytic triad within a deﬁned cat-
alytic domain [5]. Motifs or entire domains are sometimes inserted
within the catalytic domain and may contribute to substrate spec-
iﬁcity [6].
In many USPs and other DUBs catalytic domains are combined
with a variety of other domains [5]. Roles of some of these domains
in USP activity have been identiﬁed. Ubiquitin interacting motifs
(UIM) of USP25 enhance interaction with the substrate [7]. Thechemical Societies. Published by E
igb2@liv.ac.uk (I.L. Barsukov).microtubule-interacting and trafﬁcking (MIT) domain in USP8,
contributes to DUB localisation and function [8]. Ubiquitin-like do-
mains (UBLs) are commonly found in DUBs [9] and that of USP4
regulates its catalytic activity [10].
Several USPs contain the DUSP domain (domain speciﬁc for
USP), which adopts a novel helical tripod conformation [11,9].
Within three closely related proteins USP4, 11 and 15 the DUSP
is immediately followed by the UBL domain creating a double-do-
main unit that covers most of the non-catalytic region (Fig. 1A).
Despite high sequence similarity (70% sequence identity between
USP4 and USP15 and 40% with more distant USP11 within the
DUSP-UBL unit) the proteins have distinct functions within the cell.
USP15 is involved in the COP9 signalsome [12,13]. USP4 functions
in the Wnt signalling pathway [14] and regulates spliceosomal
activity through deubiquitination of Prp3 [15]. In the later context
the USP4 DUSP-UBL double-domain is crucial for the recognition of
the targeting factor Sart3 [15], making this unit a determinant of
the biological activity of the proteins.
To deﬁne the properties of the DUSP-UBL unit we determined
the structure of the double-domain from USP15 and compared it
to those of USP4 and USP11. Our results provide the ﬁrst structural
description of the DUSP-UBL unit and will facilitate further study of
the cellular roles of these domains.lsevier B.V. All rights reserved.
Fig. 1. Structures of the DUSP-UBL region. (A) Schematic representation of the domain composition for USP4, 11 and 15 and DUSP-UBL sequence comparison. Identical and
similar residues are highlighted in dark and light, respectively. Residues removed to generate the USP15 deletion mutant are highlighted in green. Secondary structure of the
USP15 DUSP-UBL is shown above the sequence; colours correspond to the protein domains: DUSP – blue, linker – orange, UBL – yellow. Same colour scheme used in the
structure representations. (B) SEC-MALLS elution proﬁles showing oligomeric states of USP15 (blue and magenta), USP4 (red) and USP11 (green). Protein concentrations at
peak maxima evaluated from refractive index are: 0.65 (USP4), 0.9 (USP11), 0.92 (USP15 monomer) and 0.43 mg/ml (USP15 dimer). The proﬁles correspond to the second
point of the dilution experiment, all proﬁles summarised in Supplementary Fig. 1. (C) Structure of the USP15 DUSP-UBL monomer. (D) Structure of the USP15 dimer, the
second subunit coloured in grey. USP15 monomer (green) is superimposed on the DUSP domain. (E) Structure of the USP4 DUSP-UBL dimer (PDB ID 3JYU; SGC, unpublished).
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2.1. Protein expression and puriﬁcation
The DUSP-UBL double domains of human USPs 4 (residues 1–
226), 11 (residues 65–286) and 15 (residues 1–223) were cloned
into the pETM-11 expression vector. Recombinant protein was ex-
pressed in the Escherichia coli strain BL21 STAR (Novagen) after
overnight induction at 18 C with 0.3 mM IPTG. Recombinant
DUSP-UBL double domains were puriﬁed by immobilised metal-
afﬁnity chromatography (IMAC) and anion exchange chromatogra-
phy. As a ﬁnal stage of puriﬁcation the USP15 DUSP-UBL double
domain was puriﬁed using a Superdex 75 size exclusion column,
resolving two stable species. Puriﬁed protein was judged to be
98% pure by SDS–PAGE analysis and then concentrated to
approximately 9 mg/ml prior to crystallization.Recombinant full-length USP15 was expressed in Sf9 and puri-
ﬁed by IMAC and anion exchange chromatography.
2.2. X-ray crystallography
Crystals of dimeric USP15 DUSP-UBL domain were grown by sit-
ting drop vapour diffusion. Brieﬂy, 9 mg/ml protein in 20 mM Tris
pH 7.4, 100 mM NaCl, 2 mM DTT was mixed with an equal volume
of reservoir solution containing: 100 mM Tris pH 7.2, 100 mM
magnesium acetate, 18% (w/v) PEG 4,000. Crystals were cryopro-
tected in reservoir solution containing 28% glycerol and vitriﬁed
in liquid nitrogen. Crystals of the monomeric form and the
D124–126 mutant were obtained from 1.9 M (NH4)2SO4, 100 mM
HEPES pH 7.0 and 200 mM KI. Crystals were transferred into
3.5 M sodium malonate, pH 6.5 and vitriﬁed in liquid nitrogen
prior to data collection. Diffraction data were collected at Diamond
Table 1
Data collection and reﬁnement statistics for USP15 DUSP-UBL.
hUSP15 1–223 dimer hUSP15 6–223 monomer hUSP15 6–223 D124–126
Data collection
Beamline I02 I24 I03
Space group C2221 P31 P21
Cell dimension
a, b, c (Å) 96.7, 123.0, 105.1 100.4, 100.4, 71.70 44.8, 44.5, 56.3
a, b, c 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 104.5, 90.0
Resolution (Å) 53.08–2.80 (2.95–2.80) 55.08–2.20 (2.32–2.20) 54.48–1.30 (1.37–1.30)
Rmerge (%) 8.4 (39) 10.7 (48.3) 4.5 (32.2)
I/rI 10.8 (3.2) 9.3 (2.8) 12.3 (3.1)
Completeness (%) 99 (99.8) 99.8 (99.2) 98.9 (99.3)
Redundancy 3.6 (3.7) 2.9 (2.3) 3.7 (3.7)
Reﬁnement
No. reﬂections 21771 40672 52266
No. atoms
Protein 429 423 211
Water 92 410 233
Acetate 1 – 2
B factors (Å2)
Protein 53 34 20
Water 46 42 32
Acetate 48 – 20
Glycerol – 43 –
RMSD
Bond lengths 0.08 0.08 0.02
Angles 1.05 1.00 0.94
R (%) 21 20 15
RFree (%) 28 23 22
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[17] (data collection statistics are shown in Table 1). The structure
was solved by molecular replacement and reﬁned (details in the
Supplementary Methods).
3. Results and discussion
3.1. Different oligomeric states of the DUSP-UBL double domains
Although closely related (Fig. 1A), the isolated DUSP-UBL frag-
ments of USP4 and 11 show distinctly different gel ﬁltration elu-
tion proﬁles compared to USP15 (Fig. 1B). USP15 expressed in
E. coli at 18 C is eluted as two well-separated peaks. These two
forms do not inter-convert at room temperature and can be sepa-
rated by gel ﬁltration. Analysis by size exclusion chromatography-
multi angle laser light scattering (SEC-MALLS) shows that they
correspond to the dimeric and monomeric states of the protein
(experimental molecular masses 51 and 25.5 kDa, respectively;
theoretical predicted subunit mass 24 kDa). Comparison with glob-
ular protein standards shows that the elution volume of USP15 is
close to that expected from the molecular mass. When incubated
at 50 C the dimeric form fully converts into the monomeric one,
showing that the dimer represents a non-equilibrium form gener-
ated during protein expression. Both USP4 and USP11 are eluted as
single peaks at similar volumes, intermediate to the elution vol-
umes of the USP15 forms. However SEC-MALLS measurements
show that USP11 is in a monomeric state (experimental mass
25.3 kDa, predicted mass 26 kDa), while USP4 exists in a dynamic
equilibrium between the dimeric and monomeric forms (experi-
mental mass 30.7 kDa, predicted mass 24 kDa). MALLS experi-
ments at different protein dilutions for USP4 show decrease of
the apparent molecular mass from 34.2 to 27.2 with decreasing
protein concentrations from 1.9 to 0.09 mg/ml and a progressive
shift of the elution peak maximum to larger volumes (Supplemen-
tary Fig. 1). The elution proﬁles at higher concentrations are non-
symmetrical and the molecular weight decreased across the peaks.
These observations fully support dynamic equilibrium between
monomer and dimer for USP4. No dilution effects are observedfor USP11 and USP15, suggesting they exist as stable species. The
greater elution volume for USP11 compared to the USP15 mono-
mer of a similar molecular weight suggests a larger hydrodynamic
radius for USP11 than USP15.
3.2. Crystal structure of the USP15 DUSP-UBL monomer and dimer
We crystallized the isolated monomeric and dimeric forms of
USP15 and reﬁned their structures to 2.2 Å and 2.8 Å resolution,
respectively (Fig. 1C and D, Table 1). In both structures the DUSP
domain adopts an a-tripod structure fold that is similar to the
NMR structure of the isolated USP15 DUSP domain [11] (PDB ID
1W6V; RMSD 0.88 Å) and the recent Structural Genomics Consor-
tium (SGC) USP15 DUSP crystal structure (PDB ID 3LMN; RMSD
0.74 Å). The UBL domain has a ubiquitin-like fold and superim-
poses well onto the UBL domain of USP4 (PDB ID 3JYU, SGC; RMSD
0.6 Å).
In the monomeric form the linker region between the domains
forms a well-deﬁned b-hairpin conformation with the N-terminal
strand extending the last b-strand observed in the isolated DUSP
domain [11]. The C-terminal part of the linker preceding the UBL
domain makes hydrophobic contacts involving V129, V131 and
Y132 (Supplementary Fig. 2). These contacts and the hydrogen
bonds across the hairpin ﬁx the orientation of the linker relative
to the DUSP domain. The UBL domain makes no direct contacts
with the DUSP domain, but has speciﬁc contacts with the linker re-
gion that deﬁne the relative orientation of the DUSP and UBL do-
mains (see later for detailed description). The ab initio shape
reconstruction from small angle X-ray scattering (SAXS) data (Sup-
plementary Fig. 3A) agrees well with the crystal structure indicat-
ing a similar compact domain arrangement in solution.
The structure of the USP15 DUSP-UBL dimer revealed a novel
domain-swapped arrangement where the DUSP and UBL domains
of the same chain are separated from each other by 32 Å through
an extended linker region (residues 114–129) (Fig. 1D) that forms
an anti-parallel b-sheet with another USP15 molecule. A similar
structure of the USP15 DUSP-UBL has been recently deposited by
SGC (PDB ID 3PPA; unpublished). The DUSP and UBL domains from
Fig. 2. Comparison of the domain packing in USP4 and USP15. (A) Superimposition of the USP4 (grey, light grey, orange) and USP15 (yellow, cyan) DUSP domains highlighting
the rotation of the UBL. (B) Docking of the USP4 linker (orange) into the hydrophobic pocket of the DUSP domain (surface representation). (C) Lack of the binding pocket in
USP15 DUSP caused by residue substitutions. (D) Contacts of the USP15 linker (cyan) with the UBL domain that deﬁne the relative position of the domains. (E) Position of the
linker (orange) relative to UBL in USP4.
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sition as in the monomeric form with a small 6 tilt of the UBL
domain away from DUSP. This tilt brings the UBL domain in con-
tact with the linker region supporting the role of the contacts in
the positioning of UBL. Crystal packing positions two USP15
DUSP-UBL dimers in a cross-shape orientation that stabilises the
extended conformation and the b-sheet twist of linker region (Sup-
plementary Fig. 2B). The SAXS pair-distance distribution function
shows two distinct maxima at 2 and 5.5 nm (Supplementary
Fig. 3B). The 2 nm maximum is similar to that observed for the
monomeric form and corresponds to the close packing of DUSP
and UBL0 from the different subunits. The second maximum indi-
cates a clear separation of the packed DUSP/UBL0 domains in solu-
tion. The SAXS reconstruction agrees well with the dimeric
arrangement in the crystal form, although it shows a rotation of
the two packed DUSP/UBL0 relative to each other that is likely
caused by the un-twisting of the b-sheet in the linker region.
3.3. The linker region deﬁnes domain packing
The crystal structure of the USP4 DUSP-UBL deposited by the SGC
(PDB ID 3JYU) shows a dimer formation, which correlates with our
SEC-MALLS data. However, this dimer is distinctly different to that
of USP15 as DUSP and UBL domains are not swapped (Fig. 1D and
E). In USP4, the domains from the same subunit are in a similar closearrangementas in theUSP15DUSP-UBLmonomerwitha25 rotation
of theUBLdomainwith respect to theDUSPdomain. The subunits are
packed against eachother in an anti-parallel orientation. The packing
creates an extensive interface of 1084 Å2 formed exclusively through
theDUSPdomains and linker regions fromthe different subunits. The
UBL domain does not make any speciﬁc contacts with the DUSP do-
main suggesting independent motion. In agreement with this the
NMR [1H,15N]-HSQC spectrum of USP4 shows a much smaller num-
ber of cross-peaks than the spectrum of USP15 (Supplementary
Fig. 4). The missing signals in the spectrum are likely to correspond
to theDUSPdomain thathas a low tumbling ratedue to the formation
of a stable dimer interface, leading to broadened signals. The dynam-
ics of the UBL domain is increased through the independent motion
and which would result in detectable signals.
The detailed comparison of USP15 and USP4 structures reveals
the features that are associated with the different domain arrange-
ments. The presence of Gly23 in USP4 (corresponding to Ala17 in
USP15) has a destabilising effect on the Da1 helix, making it short-
er and positioned further away from the Da2 helix relative to
USP15 (Supplementary Fig. 5). This creates a hydrophobic pocket
that provides a docking site for the hydrophobic side chains of
F1290 and V1300 located at the tip of the hairpin in the linker region
from another subunit (Fig. 2B). In USP15 the Da1 helix continues
for another turn resulting in placement of Leu20 within the hydro-
phobic core and blocking the linker binding pocket. In addition,
Fig. 3. Aggregation states of the full length USP4 and USP 15 and their surface characteristics. (A) Superimposition of the USP15 monomer (yellow) DUSP domain onto the
deletion mutant (green) showing 25 rotation of the UBL domain. (B) SEC-MALLS analysis of full length USP15, expressed in sf9 cells. (C) Elution proﬁle of the clariﬁed lysate
from HEK293 cells was resolved on a Superdex 200 10/300 column. Detection of USP15 and USP4 in the fractions byWestern blot. (D, E) Electrostatic surface representation of
the USP15 DUSP-UBL monomer (D) and USP4 dimer (D) showing the high degree of charge conservation amongst the two proteins.
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and L92 in USP15. This enhances the hydrophobic interaction of
L23 of the Da1 helix with the hydrophobic core and brings this he-
lix closer to Da2, completely removing the binding pocket (Fig. 2B).
The residues that determine the presence of the binding pocket in
DUSP are completely conserved across the species for both USP4
and USP15 (Supplementary Fig. 5) indicating a critical role of this
feature.
In the absence of a binding pocket in the DUSP domain, the tip of
the linker in USP15 makes speciﬁc contacts with the UBL domain
(Fig. 2D). This involves an ion pair interaction between K125 and
D200, a hydrogenbondbetween the side chain ofD200 and themain
chain amide nitrogen of F123 and the hydrophobic stacking ofM122
andF123against the side of thehelix3102. InUSP4 these contacts are
absent due to the different orientation of the linker region (Fig. 2E).
The linker emerges as a critical region that in USP4 stabilizes
the dimeric form, while in USP15 monomer deﬁnes relative do-
main orientation. In USP11 this region is three residues shorter.
Accordingly USP11 only exists as a monomer because the shorter
linker cannot make dimeric contacts similar to those observed in
USP4. However the gel ﬁltration data indicate that the effectivesize of the USP11 DUSP-UBL monomer is larger than that of
USP15 despite the similarity in molecular weight. This is also sup-
ported by the SAXS analysis that shows a more extended recon-
structed shape for USP11 relative to the USP15 monomer
(Supplementary Fig. 2). The NMR [1H,15N]-HSQC spectrum of
USP11 has similar characteristics to that of USP15, demonstrating
that both domains of USP11 DUSP-UBL have stable folds. The de-
tected increase in the effective radius of USP11 is thus associated
with domain packing that is likely to be disrupted because of the
shortening of the linker region.
To test the role of the linker in the DUSP and UBL packing we
removed three residues in USP15 that are equivalent to the
USP11 deletion in the linker region (highlighted in Fig. 1A) to cre-
ate DUSP-UBL (6–223 D124–126). The protein only expresses as a
monomer highlighting the importance of the linker size in forma-
tion of USP15 swapped dimer. We were able to determine the crys-
tal structure of the USP15 DUSP-UBL D124–126 to 1.3 Å (statistics
Table 1). The structure shows the formation of the b-hairpin in the
linker region but the length of the hairpin is smaller than in
the wild type, preventing the contacts with the UBL domain. In
the mutant structure the UBL domain is rotated by 40 relative
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with the rest of the protein. This rotation is caused by the crystal
packing, indicating that in the absence of the speciﬁc contacts with
the linker region the UBL domain does not have a ﬁxed orientation.
In solution the lack of these contacts will lead to the separation of
the DUSP and UBL domains, in agreement with SAXS and
SEC-MALLS data (Supplementary Figs. 3 and 1B).
3.4. Physiological state of USP15
The non-equilibrium nature of the dimer found for the recombi-
nant USP15 DUSP-UBL makes it unclear if a similar state exists
in vivo. The full-length USP15 expressed using baculovirus elutes
on a gel ﬁltration column as a single peak. The molecular weight
across the peak estimated by SEC-MALLS is 110 kDa corresponding
to the monomeric state (theoretical molecular weight 115 kDa,
Fig. 3B). Similarly, only one species of endogenous USP15 is found
within mammalian cells by blotting fractions of mammalian cyto-
solic lysates resolved by gel ﬁltration (Fig. 3C). The elution volume
of the endogenous USP15 is close to that of the protein expressed
using baculovirus, conﬁrming the monomeric state of the endoge-
nous protein. This indicates that the dimeric form of USP15 is un-
likely to form in vivo under normal conditions and is the
consequence of the bacterial expression. Endogenous USP4 is also
eluted as a single form close to the elution volume of USP15
(Fig. 3C). This, however, does not contradict the formation of the
dimer as the USP4 dimer and monomer exist in a dynamic equilib-
rium that is deﬁned by the local concentration.
The distinctly different biological activities of USP4, 11 and 15
imply differences in protein interactions that are likely associated
with the DUSP-UBL region. Structures of these fragments show that
their electrostatic characteristics are very similar (Fig. 3D and E)
and are unlikely to explain functional differences. However our
comparative analysis identiﬁed conserved features that determine
large differences in the dimerisation state and domain packing in
the DUSP-UBL fragments. These differences are induced by the
contacts of the linker region and have a deﬁned structural role in
this group of USPs. In USP15 DUSP and UBL form a single unit with
the domains in a ﬁxed orientation. In USP4 the UBL domain is inde-
pendent of DUSP, but the protein can dimerise which locks two
DUSP domains into a unit. In USP11 DUSP and UBL domains can
move independently from each other. These differences in the do-
main arrangements modify surface properties and are likely to pro-
vide selective binding properties.
4. PDB accession codes
Coordinates for dimeric USP15 DUSP-UBL and monomeric and
deletion mutant USP15 DUSP-UBL have been deposited in the
PDB, accession numbers 3PV1, 4A3O and 4A3P, respectively.
Note added in Proof
Whilst this paper was under review a structure of the mono-
meric form of DUSP-UBL from USP15 was reported [18] that shows
an identical compact arrangement of the DUSP and UBL domains.Acknowledgements
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